Summary
The multiple functions of litter in ecosystems
Turning into litter is the most common fate of plant material in the majority of ecosystems (Cebrian 1999) . The importance of dead plant material for community structure, ecosystem functioning, climate and the services it provides to people are widely recognized, albeit in a highly fragmented literature (Facelli & Pickett 1991; Dobson 1994; Xiong & Nilsson 1999; Sayer 2006; Makkonen et al. 2012; Li, Niu & Xie 2014; Grootemaat et al. 2015; Garc ıa-Palacios et al. 2016) . The diverse roles of litter relate, for instance, to biogeochemical cycles, seedling recruitment, protection against erosion and provision of habitat and resources for an astonishing diversity of animals, plants and micro-organisms (Fig. 1 ). Litter has also been used by humans as, for example, fertilizer, fuel, substrate for mushroom cultures, soil amendment in restoration programs and as a source of inspiration and recreation, for instance thanks to its often colourful autumn display (Fig. 1) . The mechanisms responsible for the simultaneous provision of multiple ecosystem processes and services, i.e. ecosystem multifunctionality, are currently under strong debate (Bradford et al. 2014; Duncan, Thompson & Pettorelli 2015; van der Plas et al. 2016) . While the central importance of litter in biogeochemical cycling is clear, its relative importance in the provision of other services is still open to question. Many litter functions have been studied solely in terms of litter presence or amount, e.g. by experimental litter removal or addition (reviewed by Sayer 2006) . These studies have been extremely valuable by revealing and quantifying litter impact on ecosystem processes or functions. However, besides in biogeochemistry, we still do not know how litters from distinct plant species differ in their effects on other ecosystem processes and services including biodiversity support. Litter functions have been the object of disparate ecological studies and it is now the right time to bring all the ecological roles played by litter into a single framework, in order to (i) be able to objectively assess the relative importance of various ecosystem services (TEEB 2010; D ıaz et al. 2015) supported by litter and (ii) identify the mechanisms by which species affect multiple ecosystem functions via plant organ afterlife effects.
Here, we synthesize the multiple litter functions and services by using interspecific variation in plant traits as a unifying tool (McGill et al. 2006; Shipley et al. 2016) . Trait-based approaches have already been shown to be a valuable tool for predicting changes in ecosystem processes due to shifts in community composition (D ıaz et al. 2013; Lavorel 2013; Gagic et al. 2015; Garibaldi et al. 2015) . We argue that a plant trait-based approach, focusing on afterlife effects of organ traits on litter quality (cf. Freschet, Aerts & Cornelissen 2012) , could advance this field by revealing the mechanisms by which litter affects multiple ecosystem processes and functions.
Here, we apply it in a novel manner, by explicit reference to two highly distinct but possibly interacting 'trait spectra'. The first and widely known spectrum contains traits related to plant resource-use strategies: the Resource Economics Spectrum (RES). It was first defined as the 'leaf economics spectrum' (Wright et al. 2004; see also D ıaz et al. 2016) and later extended into the 'plant economics spectrum' (Freschet et al. 2010; Reich 2014) for distal organs (leaves, fine stems, fine roots). This spectrum is based on interspecific variation in traits that position species on a strategy axis from fast resource acquisition to emphasis on resource conservation. This axis generally represents a range from fast to slow inherent growth rate, from high to low leaf area per mass, nutrient concentration and from low to high tissue density and content of recalcitrant secondary chemistry. The second is the Size and Shape Spectrum (SSS), which focuses on a trait-based axis ranging from small and relatively simply shaped distal organs to large and more intricately shaped ones, e.g. curly leaves and copiously ramified twigs or roots (J.H.C. Cornelissen, unpublished data). Size and shape of distal plant organs can influence many aspects of plant functioning, including thermoregulation, light capture strategy, hydraulic properties and herbivory avoidance, having important implications for plant fitness (Cornelissen 1999; Westoby & Wright 2003; Niinemets et al. 2007; Nicotra et al. 2011 ). Recently, J.H.C. Cornelissen (unpublished data) gathered evidence that this wide variation in size and shape of distal plant organs, through afterlife effects, also has important implications for species effects on fire regimes. Particle size and shape ultimately determine the compaction and cohesion of the litter layer, with small and relatively simply shaped particles building more compact litter layers as compared to large and intricately shaped particles. In turn, compaction and cohesion of the litter layer strongly affects the abiotic conditions with important consequences for many ecosystem processes and properties. In parallel with the development of the research on the RES (Freschet et al. 2010; Heberling & Fridley 2012; Jackson, Peltzer & Wardle 2013; Niinemets 2015) , further investigation of the relationships between size and shape within and between plant organ types, as well as within and between species will provide insights into the generalities and limitations of the SSS. For instance, within a given organ type, there is coordination between size and the three-dimensional (3D) aspect of shape, as a large organ occupies a more 3D space than a small organ of the same shape. On the other hand, size and shape of different organ types can show negative relationships. According to Corner's rule (Cornelissen 1999; Westoby & Wright 2003) , more closely spaced ramifications of branches (complex shape) should bear thinner and smaller appendices (i.e. leaves, twigs). In this way, branch shape and leaf size could vary in opposite direction along the SSS. Here, we propose that these two spectra of litter trait variation, when combined with litter amount, together determine the degree to which litter of different plant species has positive (including ecosystem engineering) or negative effects on the target ecosystem function or service.
Trait-spectra control on litter multifunctionality
We found evidence in the literature for several ecosystem services that depend on trait variation in SSS and/or RES (Table 1 , Data S1, Supporting Information), including the now well-established strong control of the RES over litter decomposability (Freschet, . Below, we discuss in more detail four exemplary ecosystem (dis)services: erosion control, tourism, flammability (i.e. vulnerability to fire) and habitat provisioning. These services represent four distinct situations where the underlying ecosystem processes are driven by either one of the spectra or by both (Fig. 2) . The literature supporting the links between litter traits and functions can be found in the Supporting Information. The listed traits are associated either to the RES (green): NUT = litter nutrient concentration, ES = litter element stoichiometry (e.g. N : P ratio, C : N ratio), MR = litter mechanical resistance, WAX = litter particle surface waxes, TNC = litter non-structural carbohydrate concentration, POL = litter polyphenol concentration (including tannins), LIG = litter lignin, DEC = litter decomposability, SRL = specific root length, pH and root exudation; to the Size and Shape Spectrum (SSS, brown): CUR = litter particle curliness, SIZE = litter particle size and SHAPE = litter particle shape; to both RES and SSS (black): WRC = water retention capacity and TH = litter particle thickness; or to none of the spectra (grey): ALL = above-groundbelow-ground biomass allocation and Specific chemical composition. The last two columns synthesize the influence of traits related to the RES (green) and the SSS (brown) for each function. Light shading indicates weak influence and dark shading indicates strong influence of each trait spectrum [Colour table can be viewed at wileyonlinelibrary.com] Erosion is a widespread problem especially in developing countries, with strong economic and social implications due to both on-site and off-site impacts (Ananda & Herath 2003) . Erosion control promoted by litter cover is related to the SSS. Smaller and spatially simpler leaves and twigs lead to a more compact litter layer. In such conditions, the movement of storm water on hill-slopes happens preferentially within the litter layer (i.e. biomat flow; Sidle et al. 2007) , reducing the contact of the water with mineral particles and providing a better protection of soil against erosion (Sidle et al. 2007; Kim et al. 2014) . Such protection provided by dense litter layers is expected to be effective when large amounts of litter accumulate on the soil surface.
The colourful autumn display is a popular touristic attraction representing an important economic activity in some temperate and arctic regions, e.g. in mixed and broad-leaf forests in the eastern USA, in Chinese and Japanese saltmarshes dominated by autumn-red Suaeda and Salicornia species and in tundra vegetation. The scenic value of the landscape is associated to the bright and contrasting colours of the leaves. Just before shedding, the colour of the leaf is related to the amount of resorption of chemical compounds, which varies according to the RES (Cornelissen 1996) . Species at the acquisitive end of the spectrum photosynthesize until later in the growing season, promoting lower resorption of nutrients and chlorophyll and, consequently, shedding greenish leaves. On the other end of the spectrum, species with conservative resource-use strategy perform a more complete resorption of chlorophyll and recycle some compounds into anthocyanins, thus shedding leaves in which yellow and red pigments and brown tannins dominate. High scenic value is achieved through large amounts of litter produced along the entire spectrum of contrasting colours. This example highlights the importance of functional diversity in providing ecosystem services.
Litter traits associated with both spectra have important implications for ecosystem flammability (J.H.C. Cornelissen, unpublished data). Compact litter layers comprised of small, spatially simple structures can hinder fire propagation due to the lack of oxygen . In this way, litter fire promotion is associated to the SSS, increasing when large, complex structures accumulate forming a deep and loose litter layer. In such situation, traits associated to the RES can determine different aspects of flammability. Litter with high specific leaf area (i.e. leaf area per mass unit) is more likely to ignite fire, while litter with low specific leaf area can sustain fire for longer periods (Grootemaat et al. 2015) . This interaction between the two spectra affecting flammability indicates that a combination of distinct traits is necessary for predicting the effects of community changes on this ecosystem property.
The fourth example concerns habitat provisioning of litter to animals, in particular invertebrates (Dobson 1994; Deca€ ens et al. 2006) . For example, soil animals, many inhabiting strictly the litter layer, comprise a great proportion of the global biodiversity (~23%, Deca€ ens et al. 2006) . Therefore, the building up of the litter layer promoted by plants, and the consequent physical changes in the soil and sediment, probably constitute one of the most ubiquitous ecosystem-engineering processes on the planet (Jones, Lawton & Shachak 1994; Wilby 2002) . Litterbeds with larger and more complex particles (high SSS values) will provide habitat (i.e. looser layers which are easy to move through and are safe sites for shelter, feeding and reproduction) to larger species, while litterbeds with smaller particles can lead to reduced and less hospitable habitat space (i.e. denser layers that are harder to move through and which may have anaerobic conditions when wet) (Stevenson & Dindal 1982; Hansen 2000; Mori et al. 2015) . Moreover, across the RES spectrum, more durable litter (with high dry matter content, DMC) will decompose slowly (Freschet, Aerts & Cornelissen 2012) and provide a larger and longer term habitat, while low DMC, more decomposable litter may be moister and provide a good albeit transient habitat to drought-intolerant invertebrates. Therefore, and since there do not seem to be strong trade-offs between the SSS and RES (D ıaz et al. 2016; J.H.C. Cornelissen, unpublished data), the variation in both SSS and RES traits should have additive effects on the species richness or diversity of litter dwellers.
Concluding remarks
The relationship between litter traits and biogeochemical cycling has been very much emphasized in the literature. We have shown here that the widely recognized RES is a suitable metric reflecting only some functions provided by litter. Here, we plead for a reappraisal of the multiple different roles played and services provided by other aspects of litter including their trait variation within the SSS. The examples described here mainly serve as an invitation to apply the SSS-RES concept to investigate the contributions of different plant species, through the afterlife effects of their litter, to various important services in different ecosystems and human contexts. Much empirical work lies ahead to put numbers to these contributions and use them as a tool for land management.
